Résumé -Les aspects expérimentaux de l'effet Raman exalté de surface sont brièvement passés en revue avec des expériences démontrant les méca-nismes d'excitation électromagnétique et de transfert de charge, en insistant sur les mécanismes d'exaltation. Le manque de données quantitatives sur le recouvrement moléculaire sur des sites de surface spécifiques est discuté, ainsi que la nécessité de corréler les résultats de l'effet Raman exalté de surface avec d'autres données de physique des surfaces.
C 10-284 JOURNAL DE PHYSIQUE t h e i n c i d e n t o r s c a t t e r e d photon energy i s i n resonance w i t h t h e l o c a l i z e d s u r f a c e plasmon resonance 1221. The atomic s c a l e roughness (e.g., a s i n g l e adatom o r c l u s t e r s of a few adatoms) i s known quantum mechanically t o enhance t h e Raman p o l a r i z a b i l i t y i n two ways [ 7 ] ; (1) t o i n c r e a s e t h e photon-free e l e c t r o n coupling because of r e l a x a t i o n of t h e momentum s e l e c t i o n r u l e ; and (2) t o induce charget r a n s f e r s u r f a c e energy l e v e l s i f chemisorption e x i s t s between t h e adsorbed molec u l e and t h e m e t a l atomic s c a l e roughness; resonance Raman e f f e c t can t h e r e f o r e be achieved when t h e i n c i d e n t o r s c a t t e r e d photon energy i s e q u a l t o t h e energy d i ff e r e n c e between t h g c h a r g e -t r a n s f e r and Fermi l e v e l s . Thus, a c c u r a t e c h a r a c t e r i z at i o n of t h e 2200 A s u r f a c e topology i s e s s e n t i a l t o unraveling t h e q u a n t i t a t i v e importance of t h e " c l a s s i c a l " v s " c h e~i c a l " mechanisms. Conventional t r a n s m i s s i c n e l e c t r o n microscopy (TEM), having 1 0 A r e s o l u t i o n , can be r e a d i l y used t o charact e r i z e c o l l o i d s b u t i s n o t u s a b l e f o r s o l i d s u r f a c e s o r f i l m s coated on t h i c k subs t r a t e s . Only r e c e n t l y , Ag i s l a n d f i l m s (with o r without Au o r N i d e c o r a t i o n s ) coated on e s p e c i a l l y prepared t h i n s u b s t r a t e s have been c h a r a c t e r i z e d by TEM w i t h b e t t e r t h a n 10 A r e s o l u t i o n [23]. However, some doubt e x i s t s a s t o whether t h e atomic s c a l e roughness w i l l remain s t a b l e when t h e environmental c o n d i t i o n s a r e changed, e.g., i n t h e t r a n s f e r from t h e UHV chamber t o t h e ambient o r when t h e adsorbate coverage i s a l t e r e d . Consequently, u n l e s s i n -s i t u TEM c h a r a c t e r i z a t i o n can be made, t h e c o r r e l a t i o n of SERS t o atomic s c a l e roughness must r e l y on more i n d i r e c t means. The f u t u r e experimental c h a l l e n g e is t o d e v i s e o t h e r techniques s e n s i t i v e t o t h e d i s t r i b u t i o n s i n t h e s u r f a c e morphology which can be employed while SERS measurements a r e being taken.
Some r e c e n t l y developed techniques p a r t i c u l a r l y s e n s i t i v e t o atomic s c a l e roughness w i l l be noted here. A s SERS i s s e n s i t i v e t o s u r f a c e morphology c h a r a c t e r i s t i c s and t o a l e s s e r e x t e n t t o s p e c i f i c t y p e s of adsorbed molecules, r e s u l t s obtained u s i n g d i f f e r e n t types of s u r f a c e roughness w i l l be presented.
I n a d d i t i o n , r e c e n t advances i n Raman instrumentat i o n w i l l be summarized.
INSTRUMENTATION ADVANCEMENT
The replacement of t h e conventional double monochromator and a p h o t o m u l t i p l i e r w i t h a t r i p l e -s t a g e spectrograph and a multi-element quantum-noise-limited d e t e c t o r i s now p o s s i b l e w i t h commercially a v a i l a b l e i n s t r u m e n t a t i o n [24] . Replacing t h e former single-channel a n a l y z e r (SCA) w i t h t h e o p t i c a l multichannel a n a l y z e r (OMA) h a s enabled simultaneous measurement of t h e temporal e v o l u t i o n of many SERS peaks and t h e broad background w i t h ".I s time r e s o l u t i o n a s t h e p o t e n t i a l of t h e e l e ctrochemical c e l l i s v a r i e d [25, 26] .
I f t h e SERS s i g n a l i s l a r g e enough, p r e s e n t l y a v a i l a b l e multi-element d e t e c t o r s (SIT o r l i n e a r -a r r a y photodiodes) can complete a t o t a l s p e c t r a l scan every 1/30 s o r even f a s t e r . I n a d d i t i o n t o temporal measurements, t h e OMA equipped w i t h a two-dimensional d e t e c t o r ( e . g . , an SIT tube and o p t i c a l microscope) h a s been used t o map out a c t i v e and i n a c t i v e SERS a r e a s on a Ag e l e c t r o d e (with s p a t i a l r e s o l u t i o n b e t t e r t h a n 4 pm) [27]. I n f a c t , by u s i n g a two-dimensional d e t e c t o r and t r i p l e -s t a g e spectrograph, which can p r e s e r v e t h e s p a t i a l i n t e g r i t y of a l i n e image formed a t i t s e n t r a n c e s l i t , t h e e x p e r i m e n t a l i s t can monitor t h e temporal e v o l u t i o n o f t h e SERS s p e c t r a (e.g., dispersed along t h e x-axis) from many p o i n t s along a l i n e i l l u m i n a t e d on t h e s u r f a c e ( e -g . , s p a t i a l l y preserved a l o n g t h e y-axis).
Another c o n t r i b u t i o n of t h e OMA t o t h e SERS f i e l d i s i t s g r e a t l y improved s i g n a lto-noise r a t i o when compared w i t h t h a t of t h e SCA. By accumulating t h e weak Raman s i g n a l on t h e e s s e n t i a l l y noise-free, single-photoelectron s e n s i t i v e t a r g e t u n t i l t h e t o t a l charge p e r s p e c t r a l channel i s l a r g e enough t o overcome t h e e l e c t r o n i c n o i s e introduced by t h e read mode, t h e O M . i s capable of measuring a Raman spectrum below t h e l i m i t s of t h e SCA ( a s much a s l o 3 -l o 4 times [ 2 4 ] ) . Consequently, e x p e r i m e n t a l i s t s need n o t j u s t measure t h e " t i p o f t h e iceberg" ( i . e . , t h e l a s t 10' enhancement of t h e t o t a l 1 0 5 -107 enhancement) b u t , i n p r i n c i p l e , can monitor t h e e n t i r e enhancement from v a r i o u s mechanisms, beginning w i t h no enhancement on a f l a t m e t a l l i c s u r f a c e and f o l l o w i n g t h e enhancement a s t h e d i f f e r e n t s i z e s of roughness a r e produced. I n f a c t , Raman s c a t t e r i n g from monolayers of molecules placed on s u r f a c e s without SERS c o n d i t i o n s h a s a l r e a d y been r e p o r t e d ( e . g . , on low-index f a c e s of Ag c r y s t a l s [28] and on smooth 1000 A t h i c k A1 s u r f a c e f i l m s [ 2 9 ] ) . The improved signal-to-noise r a t i o and f a s t e r data-gathering speed a r e apparent when comparing OMA s p e c t r a [28, 29] w i t h SCA s p e c t r a from "smooth" b u t n o t n e c e s s a r i l y p e r f e c t l y smooth Ag s u r f a c e s [21(b),303.
-SERS RESULTS
(a) C o l l o i d s I n p r i n c i p l e , c o l l o i d s i n aqueous s o l u t i o n a r e i d e a l f o r t e s t i n g t h e v a l i d i t y o f t h e c l a s s i c a l electromagnetic enhancement mechanism s i n c e , accordingoto TEM micrographs, t h e c o l l o i d s a r e n e a r l y s p h e r i c a l i n shape, small (400 A i n d i a m e t e r ) , and nonaggregated.
(Only 3% form a g g r e g a t e s of 2 o r more c o l l o i d s [ 3 1 ] . ) Such a c o l l e c t i o n of Ag o r Au c o l l o i d s i s t r a c t a b l e f o r c l a s s i c a l electromagnetic c a l c u l a t i o n s . The e x t i n c t i o n , e l a s t i c s c a t t e r i n g , surface-averaged e l e c t r i c f i e l d i n t e n s i t y , and r a d i a l component of t h e e l e c t r i c f i e l d i n t e n s i t y c a n be r e a d i l y c a l c u l a t e d by t h e LorenzlMie formalism a s a f u n c t i o n of sphere d i a m~t e r and radiat i o n wavelength [ 3 2 ] . For Ag spheres w i t h diameters l e s s t h a n 400 A, a l l t h e s e c a l c u l a b l e q u a n t i t i e s a r e p r e d i c t e d t o e x h i b i t a s i n g l e sharp peak a t t h e l o c a l i z e d s u r f a c e plasmon wavelength (%400 nm f o r Ag i n water [ 3 2 ] ) . For predominantly nonaggregated c o l l o i d s , t h e measured e x t i n c t i o n and e l a s t i c s c a tt e r i n g s p e c t r a agreed w i t h t h e c a l c u l a t i o n s . S u r p r i s i n g l y , t h e measured SERS e x c i t a t i o n spectrum on t h e same c o l l o i d s d i d not agree w i t h t h e c a l c u l a t e d wavelength dependence of t h e surface-averaged e l e c t r i c f i e l d i n t e n s i t y o r i t s r a d i a l component [31, 33] . T h i s discrepancy seems t o imply t h a t t h e observed SERS e x c i t a t i o n curve may n o t be t o t a l l y a s s o c i a t e d w i t h t h e electromagnetic mechanism. However, one group r e p o r t s t h a t t h e measured SERS e x c i t a t i o n curve follows t h e measured e x t i n c t i o n s p e c t r a , both peaking i n t h e b l u e and f a l l i n g i n t h e red [ 3 4 ] .
For more aggregated c o l l o i d s , t h e measured e x t i n c t i o n and e l a s t i c s c a t t e r i n g exhib i t e d a secondary peak i n t h e red and t h e measured SERS e x c i t a t i o n curve, which s t i l l peaked i n t h e red, was explained a s being commensurate w i t h t h e l o n g i t u d i n a l s u r f a c e plasmon resonance r e l a t e d t o a c h a i n formed by 2-4 Ag spheres [2, 19] . There i s agreement t h a t aggregation does i n c r e a s e t h e SERS s i g n a l but controversy e x i s t s a s t o whether aggregated s t r u c t u r e i s e s s e n t i a l f o r t h e o b s e r v a t i o n of SERS. A t a f i x e d wavelength (514.5 nm), t h e o v e r a l l SERS i n t e n s i t y from fixed numbers of Ag c o l l o i d s was found t o i n c r e a s e 5 times when t h e amount of aggregation was d e l i b e r a t e l y increased from 3% t o more t h a n 90% by adding ~a + i o n s i n t h e solut i o n [31].
The following q u e s t i o n s a r e being asked r e g a r d i n g t h e i n i t i a l assumptions aasumed t o be v a l i d f o r c o l l o i d s :
(1) Is t h e bulk d i e l e c t r i c constant ~( w ) a p p l i c a b l e f o r such small diameter c o l l o i d s , s i n c e Landau damping r e s u l t i n g from t h e more f r e q u e n t s u r f a c e s c a t t e r i n g w i l l d e f i n i t e l y i n c r e a s e t h e imaginary p a r t of E(W) and thereby d e c r e a s e electromagnetic enhancement [35] ? (2) [ 3 , 7 ] ? (4) Does t h e adsorbed molecule r e a l l y sense t h e e x t e r n a l f i e l d of an i d e a l i z e d abrupt boundary i n t e r f a c e (between t h e Ag metal and w a t e r ) s i n c e on t h e atomic s c a l e t h e normal component of t h e electromagnetic f i e l d can v a r y r a p i d l y and d i f f e r s considerably from t h e c l a s s i c a l calculat i o n [36]? (5) When t h e molecule i s l o c a t e d on t h e s u r f a c e , is t h e r e a s h o r t range i n t e r a c t i o n (e.g., involving t i g h t -b i n d i n g m a t r i x elements) between t h e molecule and t h e m e t a l s i n c e t h e approximation w i t h a c l a s s i c a l image d i p o l e (renormalization f a c t o r f o r t h e Raman p o l a r i z a b i l i t y ) and w i t h a l o c a l & (a) bcreening by t h e e l e c t r o n s i n t h e m e t a l ) i s no longer j u s t i f i e d [36, 37] ? I n f a c t , most of t h e s e q u e r i e s a r e a p p l i c a b l e t o o t h e r m e t a l roughness found on e l e c t r o d e s , l i t h o g r a p h i c a l l y prepared s t r u c t u r e s , and f i l m s . Furthermore, q u e r i e s (4) and (5) a r e even p e r t i n e n t t o a t o m i c a l l y smooth s i n g l e -c r y s t a l s u r f a c e s . A l l t h e s e quest i o n s need t o be answered q u a n t i t a t i v e l y b e f o r e t h e d i f f e r e n t enhancement mechanisms can be d i s t i n c t l y segregated.
ClO-286 JOURNAL DE PHYSIQUE Even though some skepticism e x i s t s about c o l l o i d s a s a n i d e a l t e s t c a s e f o r t h e c l a s s i c a l electromagnetic enhancement, t h e f a c t t h a t t h e morphology of t h e c o l l o i d
can be more e a s i l y c h a r a c t e r i z e d by TEM t h a n o t h e r commonly used SERS media i s a n appealing f a c t o r . A t l e a s t t h e e x p e r i m e n t a l i s t s can know t h e average submicros c o p i c shape, s i z e , and s e p a r a t i o n and can vary t h e s i z e by p r e p a r a t i o n techniques and t h e s e p a r a t i o n by changing t h e i n i t i a l m e t a l i o n c o n c e n t r a t i o n i n t h e s o l u t i o n and/or by adding c a t i o n c o n c e n t r a t i o n t o induce aggregation. Furthermore, m e t a l s o t h e r t h a n Ag, Au, and Cu can be prepared.
For example, al;t enhancement f a c t o r of %7 was r e c e n t l y r e p o r t e d f o r Pt (cN):-i o n s adsorbed on 10 A s p h e r i c a l P t coll o i d s [ 3 8 ] . The e x c i t a t i o n p r o f i l e peaked a t %400 nm i n f a i r agreement w i t h t h a t of benze2e molecules adsorbed on i r r e g u l a r l y shaped P t p a r t i c l e s w i t h s i z e s i n t h e 100 A range [39] and with t h e Lorenz/Mie c a l c u l a t i o n of t h e surface-averaged i n t e n s i t y [ 381. 
The a b i l i t y of Ag c o l l o i d s t o coadsorb o p t i c a l l y nonabsorbing molecules (pyridine o r c i t r a t e ) and dye molecules opened up new o p p o r t u n i t i e s t o i n v e s t i g a t e t h e possi

It should be emphasized t h a t i n i n t e rp r e t i n g t h e enhancement f a c t o r of t h e d i s c r e t e i n e l a s t i c spectrum from o p t i c a l l y absorbing molecules t h e d i s t i n c t i o n needs t o be c a r e f u l l y made among resonant Raman e f f e c t , resonant fluorescence, and f l u o r e s c e n c e [ 4 5 ] . Furthermore, i n analyzing t h e p o l a r i z a t i o n dependence of t h e i n c i d e n t and s c a t t e r e d r a d i a t i o n , Franck-Condon m a t r i x elements need t o be considered f o r o p t i c a l l y absorbing molec u l e s i n a d d i t i o n t o t h e u s u a l c l a s s i c a l electromagnetic f i e l d d i s t r i b u t i o n on t h e s p h e r e [19].
Vaporization of Ag i n an argon atmosphere causes small atomic c l u s t e r s t o grow through t h e thermomolecular processes. These below submicroscopic dimension c l u s t e r s a r e swept i n t o a s e p a r a t e chamber where t h e argon g a s is removed and t h e p a r t i c l e s a r e condensed w i t h CO, e t h y l e n e , a c e t y l e n e , o r ethane 120,471. The excit
a t i o n s p e c t r a f o r t h e SERS i n t e n s i t y a s s o c i a t e d w i t h t h e former t h r e e t y p e s of molecules increased toward t h e v i o l e t a s a f u n c t i o n of photon energy ( i n accordance w i t h t h e e x t i n c t i o n s p e c t r a ) while no SERS was found f o r ethane 1471. The l a c k of SERS f o r s p e c i f i c molecules implies t h a t f o r t h e s e molecules t h e "chemical" mechanisms a r e not c o n t r i b u t i n g and t h u s t h e o v e r a l l enhancement i s below t h e d e t e c t i o n t h r e s h o l d used i n t h e i n v e s t i g a t i o n s . However, t h e electromagnetic mechanism can s t i l l c o n t r i b u t e t o t h e o v e r a l l enhancement.
The presence of monomeric, d i m e r i c , and even t r i m e r i c Ag molecules h a s been deduced from o p t i c a l a b s o r p t i o n measurements [ 4 8 ] , along w i t h t h e Raman s p e c t r a
of Ag2 and Ag3 c l u s t e r s which have v i b r a t i o n a l f r e q u e n c i e s i n t h e 900 -1100 cm-' range [49] . Furthermore, i n f r a r e d s p e c t r a of pyridine-Ag atoms and pyridine-Ag c l u s t e r s have been observed and t h u s provide a u s e f u l comparison f o r t h e SERS s t u d i e s [ 5 0 ] . The i n f r a r e d s t u d i e s i n d i c a t e d t h a t t h e 992 cm-I b r e a t h i n g mode of f r e e p y r i d i n e molecules i s increased t o 1000.2 cm-l when low c o n c e n t r a t i o n s of Ag atoms a r e deposited.
Further i n c r e a s e s t o 1009.8 cm-l a r e observed when t h e conc e n t r a t i o n of Ag atoms i s r a i s e d . The 1000.2 and 1009.8 cm-1 bands were assigned t o p y r i d i n e complexes involving a s i n g l e Ag atom and a small Ag c l u s t e r (most l i k e l y Ag2), r e s p e c t i v e l y 1501. These i n f r a r e d r e s u l t s a r e i n agreement w i t h numerous experimental SERS i n v e s t i g a t i o n s which showed t h a t t h e b r e a t h i n g mode i n c r e a s e s from 992 cm-I f o r physisorbed p y r i d i n e t o 1005 cm-l f o r chemisorbed pyrid i n e w i t h Ag s u r f a c e s . This agreement l e n d s support t o t h e importance oE atomic s c a l e roughness i n enhancing p a r t of t h e SERS s i g n a l and i n i n f l u e n c i n g t h e pyridine v i b r a t i o n a l frequency, The v a p o r i z a t i o n technique of producing atomic clust e r s condensed i n a m a t r i x of Raman a c t i v e m a t e r i a l i s being extended t o o t h e r m e t a l s such a s K [ 5 1 ] .
(b) Regularly arrayed Ag m i c r o s t r u c t u r e s Ag m i c r o s t r u c t u r e s (resembling sp$eroids w i t h 3 : l and 2 : l a s p e c t 5 a t i o ) evaporated
on r e g u l a r Si02 p o s t s w i t h ".I000 A diameter, 5000 A h i g h b a ' '500 A r a d i u s of curv a t u r e a t t h e t o p s of t h e p o s t s , and s e p a r a t i o n of 3200 A i n a r e g u l a r square a r r a y [18] have been used i n o r d e r t o study t h e electromagnetic enhancement mechanism. Unlike t h e c o l l o i d a l system, each spheroid has n e a r l y uniform shape, s i z e , and s e p a r a t i o n between t h e n$crostructures.
H o w e~e r ,~t h e dimensions of each of t h e spheroids (e.g., 2a = 3000 A o r 2000 A and 2b = 1000 A) a r e much l a r g e r t h a n t h o s e of t h e c o l l o i d s discussed i n t h e previous s e c t i o n . The e l e c t r o s t a t i c Rayleigh approximation ( i . e . , w i t h i n t h e e l e c t r i c -d i p o l e l i m i t ) can no longer be used. Experimentally, t h e peak of t h e e x c i t a t i o n s p e c t r a of t h e SERS from Ag(CN)2 adsorbed on t h e s e m i c r o s t r u c t u r e s a f t e r t h e e n t i r e a r r a y was exposed t o HCN vapor was found t o s h i f t t o t h e red under t h e following conditions: (1) with i n c r e a s e of a s p e c t r a t i o from 2:1 t o 3 : l ; (2) w i t h i n c r e a s e of t h e d i e l e c t r i c constant of t h e surrounding medium, e.g., from a i r E, = 1, t o H20 E~ = 1.77, and t o cyclohexane E, = 2.04.
Although t h e s e two r e s u l t s agreed w i t h t h e g e n e r a l p r e d i c t i o n s of t h e e l e c t r o s t a t i c Rayleigh approximation, t h e measured l i n e w i d t h of t h e e x c i t a t i o n peaks was much t o o broad (W.4 eV).
I [5, 18, 52] .
Recent exact c a l c u l a t i o n s , u s i n g t h e electrodynamic L o r e n z l~i e formalism, were made on t h e surface-averaged i n t e n s i t y and t h e o i n t e n s i t y a t t h e t i p 5 (lightning-rod e f f e c t ) f o r an i s o l a t e d spheroid of 2a = 2000 A and 2b = 1000 A and found t o be i n reasonable agreement w i t h t h e measured SERS e x c i t at i o n p r o f i l e , t h e broad linewidth, and t h e observed s h i f t t o t h e red w i t h i n c r e a s i n g a:b r a t i o and E,.
The most s i g n i f i c a n t r e s u l t of t h i s computer i n t e n s i v e electrodynamic c a l c u l a t i o n i s t h a t t h e electromagnetic enhancement f a c t o r i s more than two o r d e r s of magnitude lower f o r Ag m i c r o s t r u c t u r e s w i t h l a r g e dimensions and bulk d i e l e c t r i c c o n s t a n t s .
Consequently, t h e experimentally deduced ".lo enhancement f a c t o r ( f o r t h e 2144 cm-l CN s t r e t c h i n g mode) a t t h e peak of t h e e x c i t a t i o n spectrum i s erroneous, o r o t h e r SERS mechanisms, i n a d d i t i o n t o t h e electromagnetic mechanism, c o n t r i b u t e ".lo3 t o t h e o v e r a l l enhancement f a c t o r . Assuming t h a t t h e l a t t e r i s t r u e , i t can t h e n be deduced from t h e q u a l i t a t i v e agreement between t h e wavelength dependence of t h e electromagnetic i n t e n s i t y and t h e measured SERS e x c i t a t i o n spectrum t h a t t h e o t h e r SERS mechanisms have l i t t l e o r no wavelength dependence throughout t h e v i s i b l e range. Furthermore, t h e o t h e r SERS mechanisms cannot be influenced by immersion i n Hz0 and cyclohexane. Many of t h e q u e r i e s r a i s e d about c o l l o i d s a l s o apply h e r e t o t h e s e r e g u l a r l y arrayed m i c r o s t r u c t u r e s .
Furthermore, it can be speculated t h a t d u r i n g t h e HCN exposure some atomic roughness i s formed on t h e Ag micros t r u c t u r e (even i f none e x i s t e d p r i o r t o HCN exposure). For example, microscopic bumps on t h e f l a t c r y s t a l l i n e f a c e t s o f Ag g r a n u l e s were produced when t h e Ag powder (presumably having a Ag20 f i r s t l a y e r ) was exposed t o NO2 gas. Perhaps atomic s c a l e roughness c a n e x i s t w i t h t h e s e newly induced microscopic bumps [13]. However, when s i m i l a r Ag powder was exposed t o HCN, t h e s e microscopic bumps were n o t observed by SEM [ 5 3 ] .
Another important i m p l i c a t i o n from t h e electrodynamic c a l c u l a t i o n i s t h a t t h e surface-averaged i n t e n s i t y enhancement f a c t o r should be s e n s i t i v e t o t h e i n c i d e n t p o l a r i z a t i o n , whether i t i s along t h e major o r minor a x i s . Experimentally, sample o r i e n t a t i o n r e l a t i v e t o t h e i n c i d e n t p o l a r i z a t i o n was not found t o be a s e n s i t i v e parameter 1181. Consequently, t h i s o b s e r v a t i o n h a s c a s t some doubt on t h e importance of t h e electromagnetic mechanism on even t h e s e spheroids.
The d i s t a n c e dependence of t h e electromagnetic i n t e n s i t y away from a l a r g e Ag s p h e r o i d a l s u r f a c e h a s n o t been c a l c u l a t e d , although i t i s p r e d i c t e d t o be d i f f e r e n t from t h a t of a sphere i n t h e Rayleigh l i m i t ( i . e . , d i f f e r e n t from t h e r e s u l t of [ a~ ( a + 
d )~I~, where a i s t h e sphere r a d i u s and d i s t h e d i s t a n c e from t h e s u r f a c e ) . Nor have s p a c e r experiments been made on t h e s e r e g u l a r l y arrayed Ag m i c r o s t r u c t u r e s . Such distance-dependence c a l c u l a t i o n s and s p a c e r experiments w i l l CIO-288 JOURNAL DE PHYSIQUE no doubt be c r i t i c a l t o q u a n t i f y i n g t h e magnitude of t h e c l a s s i c a l electromagnetic enhancement f o r such l a r g e m i c r o s t r u c t u r e s . I n a d d i t i o n t o Ag, o t h e r m e t a l l i c m i c r o s t r u c t u r e s (Au and Al) have been evaporated on s i m i l a r r e g u l a r l y a r r a y e d S i 0 2 p o s t s [54]. For Au m i c r o s t r u c t u r e s , t h e CN mode temporally evolved from a narrow 2144 cm-l peak t o a broader peak a t 2191 cm-l (implying chemical r e a c t i o n w i t h t h e ambient)
, and t h e e x c i t a t i o n spectrum f o r t h e 3 : l spheroids e x h i b i t e d a s i n g l e peak a t %640 nm w i t h narrower l i n e w i d t h t h a n t h e corresponding peak a t %540 nm f o r 3 : l Ag spheroids. The observed enhancement f a c t o r f o r Au s p h e r o i d s was %5 x lo6. For A 1 m i c r o s t r u c t u r e s , SERS from a monol a y e r of p-nitrobenzoic a c i d was observed w i t h 488 nm e x c i t a t i o n and was found t o be o n l y s500 times weaker t h a n t h e SERS from a s i m i l a r l a y e r placed d i r e c t l y on t h e Ag m i c r o s t r u c t u r e s . Between 564 and 459 nm, t h e SERS i n t e n s i t y increased by a f a c t o r of 3 . However, t h e A 1 r e s u l t s a r e complicated by two f a c t s :
(
1) SEM c h a r a c t e r i z a t i o n showed t h a t t h e shape o f t h e A1 p a r t i c l e s i s d i f f e r e n t from t h a t of t h e Ag o r Au p a r t i c l e s . (2) I n t h e l a b o r a t o r y atmosphere, an oxide c o a t i n g (Q3nrn) e x i s t e d on t h e s u r f a c e of each A 1 p a r t i c l e . A t p r e s e n t , no electrodynamic c a l c u l a t i o n e x i s t s f o r Au and A 1 spheroids. Therefore, no comparison between c l a s s i c a l e l e c t r o m a g n e t i c t h e o r y and experiments can be made. The f a c t t h a t SERS was observed on A1 1541, e s p e c i a l l y w i t h a b u i l t -i n 3 nm s p a c e r , i m p l i e s t h a t i n t h e f u t u r e SERS measurements a s a f u n c t i o n of s p a c e r t h i c k n e s s may be p o s s i b l e from such r e g u l a r l y arrayed m i c r o s t r u c t u r e s . Aluminum oxide [55] and SiOx [46] s p a c e r l a y e r s have p r e v i o u s l y been used i n Ag i s l a n d f i l m s t u d i e s . Since t h e n o n l i n e a r o p t i c a l s i g n a l h a s a h i g h e r o r d e r dependence on t h e i n c i d e n t f i e l d i n t e n s i t y t h a n does SERS 1581, simultaneous SERS and s u r f a c e enhanced n o n l i n e a r o p t i c a l m e a s u r ements (e.g., second-harmonic g e n e r a t i o n [56] o r hyper-Raman s c a t t e r i n g [ 5 7 ] ) on Ag, Au, and A 1 m i c r o s t r u c t u r e s can i n t h e f u t u r e a i d i n q u a n t i f y i n g t h e v a r i o u s enhancement p r o c e s s e s . (c) E l e c t r o d e s Most SERS experiments a r e c a r r i e d o u t i n a n electrochemical c e l l , and s e v e r a l review papers a r e a v a i l a b l e on t h e e l e c t r o c h e m i s t r y a s s o c i a t e d w i t h t h e o x i d a t i o n and r e d u c t i o n c y c l e (ORC), SERS, and s u r f a c e enhanced n o n l i n e a r o p t i c a l r e s u l t s [8,59, 601. There i s g e n e r a l agreement about t h e following p r o c e s s e s involved w i t h Ag e l e c t r o d e s immersed i n simple e l e c t r o l y t e s ( e . g . , i n a l k a l i -h a l i d e s o r pseudoh a l i d e s ) : (1) During t h e o x i d a t i o n h a l f c y c l e , o x i d a t i o n of t h e Ag e l e c t r o d e o c c u r s , Ago + ~g + + e-which can combine w i t h t h e anions w i t h i n t h e s o l i d -l i q u i d i n t e r f a c e (double l a y e r ) t o form a n adsorbate l a y e r which, depending on i t s solub i l i t y and adhesiveness, may o r may not adhere t o t h e e l e c t r o d e ; t h e Ag s u r f a c e i s roughened and t h e amount of Ag o x i d a t i o n can be monitored by t h e t o t a l charge passed through t h e e l e c t r o d e .
(2) During t h e r e d u c t i o n h a l f c y c l e , t h e adsorbate l a y e r and some of t h e A~+ i n t h e double l a y e r a r e reduced, A~+ + e--t Ago. These
adatoms can d i f f u s e ( d i f f u s i o n r a t e depends on t h e a d s o r b a t e complex on t h e e l e ct r o d e ) a l o n g t h e s u r f a c e and be l o s t upon i n c o r p o r a t i o n i n t o d e f e c t s i t e s . (3) The coverage of v a r i o u s a d s o r b a t e s i s a f u n c t i o n of p o t e n t i a l . (4) The v i b r a t i o n a l frequency o f some a d s o r b a t e s v a r i e s w i t h p o t e n t i a l a s a r e s u l t of increased covalency between t h e Ago-molecular bonding w i t h increased excess p o s i t i v e charge on t h e e l e c t r o d e . (5) Both t h e SERS i n t e n s i t y and t h e continuum background i n c r e a s e a f t e r one o r s e v e r a l ORCs; t h e amount of i n c r e a s e i s i n i t i a l l y monotonic w i t h t h e amount of A~+ reduced on t h e e l e c t r o d e [60].
(6) F u r t h e r enhancement can occur w i t h photoreduction o f t h e adherent l a y e r which, according t o SEM photographs, a f f e c t s t h e topology of t h e r e c o n s t r u c t e d Ag s u r f a c e [ I l l . [63, 64] ; t h e s e important r e s u l t s provide r a t h e r i n d i s p u t a b l e evidence t h a t a c h a r g e -t r a n s f e r (CT) e x c i t a t i o n mechanism i s important and t h a t t h e resonance between t h e i n c i d e n t photon energy and t h e energy l e v e l s of t h e A~O -a d s o r b a t e complexes can be tuned by t h e p o t e n t i a l .
( 7 ) F u r t h e r enhancement can o c c u r d u r i n g t h e ORC following r a p i d hydrogen gas e v o l u t i o n a t a n e g a t i v e p o t e n t i a l ; i t i s s p e c u l a t e d t h a t t h e H2 bubbles adherent on t h e e l e c t r o d e a f f e c t t h e topology of t h e Ag s u r f a c e d u r i n g t h e ORC [61]. (8) I r r e v e r s i b l e l o s s of t h e SERS s i g n a l o c c u r s when t h e p o t e n t i a l approaches t h e p o t e n t i a l of zero charge (PZC), where t h e Ag adatom-adsorbate complexes a r e d i s s o c i a t e d , allowing t h e Ag adatoms t o d i f f u s e and b e l o s t a t d e f e c t s i t e s [25,26]; such i r r e v e r s i b l e l o s s i s noted t o occur a l s o when t h e temperature i s cycled a t a f i x e d p o t e n t i a l and i s a t t r i b u t e d t o thermal d i s s o c i a t i o n o f t h e Ag adatom-adsorbate complexes [62]. (9) A r e v e r s i b l e component of t h e SERS s i g n a l e x i s t s w i t h p o t e n t i a l c y c l i n g o r s t e p p i n g , provided t h a t t h e most n e g a t i v e p o t e n t i a l excursion does not approach t h e PZC, t h e adatom d e n s i t y i s not decreased w i t h i n a p o t e n t i a l range, and t h e d i ff e r e n t a d s o r b a t e coverages a r e single-valued f u n c t i o n s o f t h e p o t e n t i a l ( i . e . , no h y s t e r e s i s ) [25,263. (10) Changes i n t h e i n c i d e n t photon energy cause t h e maximum of t h e SERS i n t e n s i t y v s p o t e n t i a l t o s h i f t l i n e a r l y i n t h e c a s e of p y r i d i n e i n v a r i o u s e l e c t r o l y t e s
(11) The Ago-adsorbate comp l e x e s can be complicated o r influenced by c a t i o n s (e.g., H+ o r ~a + ) not necess a r i l y i n d i r e c t c o n t a c t w i t h t h e e l e c t r o d e ; furthermore, t h e p y r i d i n e and s l i g h t l y c o n t a c t adsorbing anions (e.g., F-, and ClOZ) can form complexes capable of s t a b il i z i n g t h e Ago adatoms on t h e s u r f a c e .
The major weakness i n a l l t h e e l e c t r o d e -r e l a t e d work and, f o r t h a t m a t t e r , a l l t h e SERS r e s u l t s obtained from d i f f e r e n t types of s u b s t r a t e s i s t h e l a c k of q u a n t i t at i v e information on t h e enhancement f a c t o r a s s o c i a t e d w i t h s e v e r a l p r e s e n t l y proposed mechanisms. The problem i s even more complicated because t h e d e t e c t e d s i g n a l i s dependent on t h e molecular coverage on d i f f e r e n t t y p e s of s u r f a c e s i t e s (e.g.. adatoms, submicroscopic, and microscopic) of y e t u n s p e c i f i e d s u r f a c e d e n s i t y . Much of t h e e x i s t i n g electrochemical i n v e s t i g a t i o n involves smooth c r y s t a l l i n e s u r f a c e s [65] w h i l e , i n o r d e r t o i n c r e a s e t h e Raman s i g n a l s t r e n g t h , t h e ORC causes t h e s u r f a c e s t o d i s o r d e r , thereby making t h e c o r r e l a t i o n between e l e c t r o c h e m i s t r y and SERS s t u d i e s d i f f i c u l t . The s u r f a c e coverage of C l -, Br-, I-, N?, and NCS-a s a f u n c t i o n of p o t e n t i a l h a s r e c e n t l y been s t u d i e d f o r a n e l e c t
r o c h e m i c a l l y roughened p o l y c r y s t a l l i n e Ag e l e c t r o d e [ 6 6 ] , s i m i l a r t o t h a t used f o r SERS experiments. From t h e s e d i f f e r e n t i a l c a p a c i t a n c e and k i n e t i c probe measurements, t h e coverage v s p o t e n t i a l curves showed a monotonic d e c r e a s e a s t h e p o t e n t i a l was v a r i e d from t h e most p o s i t i v e v a l u e toward t h e PZC. The coverage v s p o t e n t i a l h a s n o t been determined f o r p y r i d i n e adsorbed on a p o l y c r y s t a l l i n e roughened Ag e l e c t r o d e . The roughness f a c t o r ( t h e e l e c t r o d e s u r f a c e a r e a divided
by t h e geometric a r e a ) h a s been determined and was found t o be %2.5-5 when t h e s e e l e c t r o d e s e x h i b i t i n t e n s e SERS s p e c t r a , implying a g a i n t h a t t h e observed SERS i s n o t due t o a lo4 -lo6 i n c r e a s e i n t h e s u r f a c e a r e a 1661. The s u r f a c e coverage o f adsorbed dye molecules (2-amino 5 n i t r o p y r i d i n e , ANP) d u r i n g t h e SERS measurement h a s been determined using a n o p t i c a l a b s o r p t i o n technique [ 6 7 ] . However, none of t h e above techniques a r e s e n s i t i v e t o s e l e c t i v e a d s o r p t i o n on d i f f e r e n t s u r f a c e t o p o l o g i e s . These surface-averaged coverage measurements can t h e r e f o r e provide only p a r t i a l information needed f o r q u a l i t a t i v e SERS experiments. 8 ] and w i l l not b e repeated h e r e . The use of f o r e i g n metal atoms (e.g., Cu and Pb) deposited on t h e Ag e l e c t r o d e (by t h e under-potential deposit i o n technique, UPD) i s p r e s e n t l y being pursued and i s extending o u r unders t a n d i n g of adatom-molecular complexes and SERS s t u d i e s beyond t h e coinage m e t a l s [ l o ] . Metal a l l o y (Agl-,PdX) s t u d i e s have concluded t h a t SERS i s s i g n i f ic a n t l y decreased by t h e l a r g e r f r e e e l e c t r o n damping introduced by Pd [69]. SERS s p e c t r a of p y r i d i n e and CO adsorbed on e l e c t r o c h e m i c a l l y roughened Pdl-,Hx e l e ct r o d e s have a l s o been r e p o r t e d , w i t h emphasis on t h e c r i t i c a l chemical preparat i o n needed t o d e p o s i t t h e Pd i o n s on t h e e l e c t r o d e [ 7 0 ] . Very weak Raman spect r a of CO, 12, and phenylhydrazine on P t e l e c t r o d e s have been reported [71] . Research involving nonaqueous e l e c t r o l y t e s i s c u r r e n t l y under way [72] . Prel i m i n a r y r e s u l t s i n d i c a t e t h a t t h e excess n e g a t i v e charge on t h e e l e c t r o d e can be e s t a b l i s h e d without H2 gas e v o l u t i o n [ 7 2 ] , thereby allowing e x p e r i m e n t
I n SERS s t u d i e s w i t h Ag e l e c t r o d e s , t h e use of dye molecules e x h i b i t i n g resonance Raman e f f e c t i n t h e v i s i b l e r e g i o n h a s s t a r t e d 1681. Energy l e v e l s h i f t s a s a r e s u l t of p h y s i s o r p t i o n w i t h t h e Ag s u r f a c e a r e deduced by n o t i n g t h e wavelength d i f f e r e n c e between t h e a b s o r p t i o n maximum and t h e Raman e x c i t a t i o n maximum. The r e s u l t s f o r o t h e r noble m e t a l e l e c t r o d e s (Au and
Cu) a r e s i m i l a r t o those f o r Ag e l e c t r o d e s [
a l i s t s t o i n v e s t i g a t e t h e s p e c i f i c a d s o r p t i o n c h a r a c t e r i s t i c s of c a t i o n s .
Important t o SERS d e l i b e r a t i o n s a r e t h e r e c e n t experimental r e s u l t s of e l e c t r or e f l e c t a n c e on A g ( l l l ) , (110), and (100) i n 0.5 M NaF e l e c t r o l y t e s (F-i s n e a r l y noncontact adsorbing due t o h y d r a t i o n w i t h H20 molecules) [73] . The e l e c t r or e f l e c t a n c e s t r u c t u r e s a r e i n t e r p r e t e d a s e l e c t r o n i c t r a n s i t i o n s from occupied bulk JOURNAL DE PHYSIQUE Ag e l e c t r o n i c l e v e l s t o vacant s u r f a c e Ag e l e c t r o n i c l e v e l s 1731. Such s u r f a c e l e v e l s have been c a l c u l a t e d t o be w i t h i n t h e gaps of t h e p r o j e c t e d b u l k d e n s i t y o f s t a t e s and t o be above t h e Fermi energy 1741. The energy d i f f e r e n c e between t h e s e d i s c r e t e s u r f a c e l e v e l s and t h e broad b u l k bands can be tuned by charging t h e e l e ct r o d e n e g a t i v e l y o r p o s i t i v e l y ( i . e . , varying t h e p o t e n t i a l n e g a t i v e o r p o s i t i v e of t h e PZC). Whether s i m i l a r e l e c t r o r e f l e c t a n c e s t r u c t u r e s e x i s t f o r Ago adsorb a t e complexes o n roughened SERS a c t i v e e l e c t r o d e s remains t o be i n v e s t i g a t e d .
(d) Films SERS s t u d i e s on Ag f i l m s a r e a l s o being a c t i v e l y pursued. Two d e t a i l e d and up-tod a t e reviews on t h e s e i n v e s t i g a t i o n s have j u s t been completed [ 6 , 7 ] . The a p p e a l i n g f e a t u r e of f i l m s i s t h e a b i l i t y o f e x p e r i m e n t a l i s t s t o perform many f u n c t i o n s i n one UHV chamber, e.g., t o e v a p o r a t e t h e f i l m on a s u b s t r a t e (of any kind and heated o r cooled t o any temperature), t o expose t h e f i l m t o any one o r s e v e r a l g a s molec u l e s and, i n p r i n c i p l e , t o simultaneously u s e o t h e r s u r f a c e physics techniques, such a s UPS and EELS. Several r e s e a r c h l a b o r a t o r i e s a r e a l r e a d y c o n s t r u c t i n g UHV chambers f o r such multi-purpose s u r f a c e a n a l y s e s . A t p r e s e n t , however, r e s u l t s on s e p a r a t e l y performed experiments involving SERS, EELS, and UPS a r e s t i l l being r e p o r t e d .
The SERS experiments [ 5 , 7 ] have been conducted on t h i c k Ag f i l m s , f i l m s coated on roughened CaF2 1151, t h i n i s l a n d f i l m s (IF) on smooth s u b s t r a t e s a t 300°K o r h i g h e r [20, 44] , t h i c k c o l d l y evaporated f i l m s (CEF, 10°K o r 150°K) on smooth subs t r a t e s [5, 7, 14] , o r on I F [16] , and f i l m s w i t h a g r a d a t i o n of t h i c k n e s s [75]. There i s a consensus about many SERS r e s u l t s , b u t c o n t r o v e r s i e s e x i s t on t h e i r i n t e r p r e t a t i o n , p a r r i c u l a r l y on t h e r e l a t i v e importance of electromagnetic v s CT models, s i n c e submicroscopic and atomic s c a l e roughness h a s not been q u a n t i f i e d on t h e s e v a r i o u s f i l m s .
There i s g e n e r a l agreement concerning t h e following:
(1) Spacer experiments w i t h PMMA [15] , oxides of A 1 1551, and SiOx [46] i n d i c a t e a long range component t o SERS, which i s d i f f e r e n t from t h e enhancement f a c t o r f o r t h e f i x s t l a y e r .
(2) Coverage dependence [76] experiments have shown molecular-molecular i n t e r a c t i o n , causing t h e e x c i t a t i o n p r o f i l e t o s h i f t 161 and some of t h e SERS i n t e n s i t y and v i b r a t i o n a l modes t o change ( e -g . , when CO i s coadsorbed w i t h p y r i d i n e ) [16] . (4) Temperature quenching of t h e SERS s i g n a l i s pronounced i n CEF b u t much l e s s s o i n I F evaporated a t room temperature o r above [6, 7, 14, 16] .
(5) Temperature enhancement i s observed (e.g., when cooled t o 1 O 0 K , I F and CEF covered w i t h p y r i d i n e gave an undetectable s i g n a l b u t SERS was i n t e n s e upon warming t h e s e f i l m s t o 100°K [161).
(6) Molecul a r s p e c i f i c i t y i s noted (e.g., many o r g a n i c molecules e x h i b i t s t r o n g SERS, but methane, ethane, and propane do n o t e x h i b i t d e t e c t a b l e Raman s i g n a l s ; t h e SERS of N 2 i s a t l e a s t 100 times weaker t h a n CO [6, 20] .
(7) Metal s u r f a c e s p e c i f i c i t y is a l s o noted (e.g., a t 90°K, SERS of CO was observed on CEF but not observed on I F whereas b o t h s u r f a c e s e x h i b i t e d SERS f o r p y r i d i n e [16]; i n an analogous experiment, SERS of benzene was absent f o r t e r r a c e d Ag(ll1) but was p r e s e n t f o r CEF). (8) S u r f a c e topology of t h e s u b s t r a t e can i n f l u e n c e t h e enhancement f a c t o r ( e -g . , SERS from CEF evaporated on smooth q u a r t z was 10 t i m e s weaker than from CEF evapor a t e d on I F [ 1 6 ] ) .
There a r e c l o s e a n a l o g i e s between evaporation o f f i l m s and e l e c t r o c h e m i c a l reduct i o n of e l e c t r o d e s , a s w e l l a s between thermal d e s o r p t i o n and p o t e n t i a l -c o n t r o l l e d desorption.
The a r r i v a l r a t e s and s u r f a c e d i f f u s i o n o f Ag atoms a r e b o t h much slower f o r t h e e l e c t r o c h e m i c a l case. For b o t h e l e c t r o d e s and f i l m s , t h e adatom d i f f u s i o n r a t e s a r e s t r o n g l y a f f e c t e d by t h e t y p e of a d s o r b a t e , a d s o r b a t e coverage, and, o f course, temperature. S t a b i l i z a t i o n of Ag adatoms i s c o n s t a n t l y p r e s e n t on t h e e l e c t r o d e i n contact-adsorbing e l e c t r o l y t e s during t h e s u r f a c e r e c o n s t r u c t i o n phase but not p r e s e n t on t h e f i l m d u r i n g t h e evaporation phase. A c l o s e p a r a l l e l e x i s t s between thermal-induced quenching o r enhancement observed on f i l m s and potential-induced quenching o r enhancement on e l e c t r o d e s .
UHV chamber evaporated and exposed f i l m s a r e more amenable t o a n a l y s i s by o t h e r w e l l e s t a b l i s h e d s u r f a c e physics techniques. EELS i n v e s t i g a t i o n on CO, 02, C2H4, and p y r i d i n e exposed CEF was reported t o e x h i b i t s t r o n g CT peaks while N2-exposed CEF f a i l e d t o e x h i b i t any CT peaks [78] . Since t h e s e EELS peaks were absent on smooth Ag s u r f a c e s , i t was concluded t h a t t h e CT e x c i t a t i o n s a r e a s s o c i a t e d w i t h Ag adatom-molecular complexes which a r e necessary i n g r e d i e n t s f o r t h e "chemical" mechanism i n SERS. UPS i n v e s t i g a t i o n on CEF and on room temperature evaporated f i l m (with and without prolonged RT annealing) i n d i c a t e d t h a t CEF h a s a g r e a t e r d e n s i t y of s t a t e s (due t o s u r f a c e d e f e c t s ) near t h e t o p of t h e d-band, some 4 ex below t h e bulk Fermi l e v e l [ 7 9 ] . S i m i l a r r e s u l t s were observed f o r Ag f i l m (3 A t h i c k ) evaporated on a much t h i c k e r , room temperature annealed Ag f i l m cooled t o 12OoK [SO] . The observed narrower d e n s i t y of s t a t e s f o r t h e s e s u r f a c e d e f e c t s p r o p o r t i o n a t e l y d e c r e a s e s t h e resonant energy denominator a s s o c i a t e d w i t h CT from t h e s u r f a c e d e f e c t s t a t e s a t t h e top of t h e d-band t o t h e lowest unoccupied o r b i t a l s of t h e Ago-adsorbate complex, a n important requirement t o i n c r e a s e Raman p o l a r i z a b i l i t y . LEED and Auger spectroscopy have been used t o i n s u r e c l e a n and w e l l c h a r a c t e r i z e d smooth s i n g l e -c r y s t a l Ag s u r f a c e s , ( I l l ) , (110), and ( l o o ) , b e f o r e p y r i d i n e molecules a r e adsorbed a t 120°K. Unlike SERS o b s e r v a t i o n s from roughened s u r f a c e s , smooth s i n g l e -c r y s t a l s yielded Raman s i g n a l s w i t h t h e f o llowing c h a r a c t e r i s t i c s [28] :
(1) extremely weak, comparable t o t h e f r e e molecul a r Raman c r o s s s e c t i o n ; (2) u n s h i f t e d symmetric b r e a t h i n g mode a t 993 cm-l, i n s t e a d of a t %I005 cm-I, t h e u s u a l l y observed frequency f o r t h e f i r s t p y r i d i n e l a y e r (most l i k e l y chemisorbed) on roughened Ag s u r f a c e s e x h i b i t i n g SERS; (3) comparable i n t e n s i t y f o r t h e C-H mode a t 3050 cm-l, a s i n t h e c a s e of pyrid i n e l i q u i d b u t d i s s i m i l a r t o t h e u s u a l SERS s p e c t r a of p y r i d i n e ; and (4) p o l a r i z at i o n s e n s i t i v e f o r both t h e i n c i d e n t (obeying F r e s n e l e q u a t i o n s ) and Raman r a d i at i o n , u n l i k e t h e t o t a l l y depolarized s i t u a t i o n f o r SERS s p e c t r a .
F u t u r e q u a n t i t a t i v e i n v e s t i g a t i o n s on c l e a n smooth s i n g l e -c r y s t a l s u r f a c e s a r e essent i a l t o our understanding o f roughened SERS a c t i v e s u r f a c e s . W e must know t h e prec i s e e f f e c t a smooth s i n g l e -c r y s t a l s u r f a c e h a s on t h e Raman p o l a r i z a b i l i t y , t h e symmetry of t h e s c a t t e r i n g t e n s o r , and t h e e l e c t r o n i c l e v e l s f o r b o t h physisorbed and chemisorbed molecules.
I V -CONCLUSION
The r e a l i z a t i o n t h a t SERS can provide molecule and s u r f a c e s i t e s p e c i f i c informat i o n and h a s t h e p o t e n t i a l o f providing a unique i n -s i t u d i a g n o s t i c probe f o r surf a c e physics a n a l y s e s under high p r e s s u r e gas-solid and l i q u i d -s o l i d environments h a s spurred a r a t h e r s u s t a i n e d high l e v e l o f a c t i v i t y i n t h i s f i e l d . Some groups a r e now applying SERS a s a d i a g n o s t i c probe i n i n d u s t r i a l l y important a r e a s w h i l e o t h e r s continue t o i n v e s t i g a t e t h e fundamental problems r e l a t e d t o t h e causes f o r such l a r g e enhancement f a c t o r s . A l l t h e s e SERS a c t i v i t i e s may e v e n t u a l l y provide a d e t a i l e d understanding of molecular i n t e r a c t i o n s a t s u r f a c e s and i n t e r f a c e s i n environments i n a c c e s s i b l e by o t h e r s u r f a c e d i a g n o s t i c techniques.
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